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Abstract— Second-order optical nonlinearities can be greatly 
enhanced by orders of magnitude in resonantly excited 
nanostructures. However, they are frequently not as heightened as 
predicted, limiting their exploitation in nanostructured THz 
nonlinear optics. Here, we show that the second-order nonlinear 
susceptibility can vary by orders of magnitude as a result of giant 
destructive interference effects. Using THz quantum-cascade-
lasers as a model source to investigate interband and intersubband 
nonlinearities, we show that these giant interferences are a result 
of an interplay of the second-order nonlinear contributions of 
multiple light and heavy hole states. As well as of importance to 
engineer the resonant optical properties of nanostructures, this 
framework can be employed as a novel, sensitive tool to elucidate 
the bandstructure properties of complex materials. 
 
INTRODUCTION 
ONLINEAR frequency generation is a ubiquitous 
technique with applications ranging from frequency 
conversion to quantum optics, and depends critically on the 
magnitude of the nonlinear susceptibility.  Strongly enhanced 
second-order optical nonlinearities, that are orders of 
magnitude larger than in bulk, have been theoretically 
investigated since the early 90’s and experimentally demon-
strated in various semiconductor nanostructures under resonant 
interband or intersubband excitation (for example [1,2]). These 
resonant nonlinearities are of perpetual interest in nonlinear 
optics, especially whenever new materials are discovered [3]. 
However, resonant nonlinear interactions involving transitions 
between semiconductor bands tend to be less efficient than 
predicted, limiting their applications in nonlinear physics, as 
well as for frequency conversion in atomically-thin materials.  
In this paper, we theoretically and experimentally show the 
strong and unexpected interplay of resonant nonlinearities that 
occur when multiple intersubband and interband transitions are 
combined through excitation by terahertz (THz) frequency 
(photons of energy ETHz ~ 10 meV) and near infrared (NIR, 
photons of energy ENIR ~ 1.5 eV) pumps, respectively. The 
second-order nonlinearity χ(2) is thus doubly enhanced,  
permitting efficient sideband generation on an optical carrier 
(Sum frequency generation (SFG) ENIR + EQCL)  [2]. Recently it 
has been shown that quantum cascade lasers (QCLs) can be 
used as both the source for THz radiation (and intersubband 
excitation) and the nonlinear medium with an external NIR 
excitation coupled into the QCL cavity [4,5]. This renders the 
emission of QCLs ideal to probe low energy excitations. Here, 
we exploit this nonlinear response within the QCL and 
demonstrate that the second-order susceptibility, in a complex 
quantum well nanostructure containing many conduction and 
valence quantum confined states (figure 1), presents giant 
variations with the excitation energy i.e. cancellations and 
enhancements of the susceptibility. We highlight for the first 
time [6] an order of magnitude reduction (figure 2) of the 
second order nonlinear susceptibility at specific frequencies, 
particularly important when studying THz (i.e. low energy) 
transitions. Our theoretical model shows that these effects result 
from pronounced susceptibility interferences between the 
numerous nonlinear contributions from the many light (LH) and 
heavy (HH) hole states. We also show that the nonlinear 
conversion can be used to probe the complex QCL 
bandstructure to attain information on the wavefunction 
alignment.  
Fig 1. Left: QCL bandstructure showing the large number of states involved 
(heavy holes shown). Right. Geometry for short interaction distance.
Fig 2. SFG intensity from experimental data (black squares) and theoretical 
model. For the latter modulus squared |χ(2)| with (red) and without (green 
line) quantum state interference.
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